The frequency response of nanometric T-and Y-shaped three-terminal junctions (TTJs) is investigated experimentally and numerically. In virtue of the parabolic down-bending of the output voltage of the central branch obtained at room temperature under a push-pull fashion input, we analyze: the low-frequency performance (<1 MHz) of TTJs operating as mixers, their RF capability as doublers up to 4 GHz and detection at 94 GHz. Special attention is paid to the impedance matching and cut-off frequency of the measurement set-up.
I. INTRODUCTION
5 branch is not exactly a potential probe which measures the potential at the middle of the TTJ. Instead, surface charge effects at the stem boundaries provoke that the potential drop along the vertical branch is not equal for all the biasings, so that the value of V C is not a direct transmission of the potential at the centre of the TTJs, and therefore depends on the stem width [18] .
As a summary, we can state that the nonlinearities of these devices can be explained in terms of the broken device symmetry as a result of inhomogeneous electron concentration given by a complex mix of electron ballistic transport and surface-charge effects. Finally, the robustness of the TBJ's nonlinear response observed in experiments over a wide range of channel sizes [5, 22, 23, 29 ] is a unique advantage in terms of realizing room-temperature integrated circuitry using TBJs.
III. MEASUREMENTS
This section describes several experiments that investigate the dynamic response of the TTJs in a broad frequency range, being the ultimate goal the integration into THz nanosystems. This nanoscale devices can reach extremely high-frequencies of operation mainly because of the small electron transit time (as a result of the ballistically high electron velocity). However, due to the small width of the channels, TTJs show relatively high impedances, ranging from few kΩ to MΩ. From the point of view of circuit design this poses a serious problem of impedance mismatching when driving the load. So first we will show, for frequency mixing and relatively low-frequencies (<1MHz) how the experimental set-up can distort the characterization process.
With a correct design of the coplanar waveguide accesses to the active region of the TTJ, the crosstalk capacitances, parasitic resistances and mismatching effects can be minimized. In the second subsection two experiments at much higher frequencies (4 and 94 GHz) showing those improvements are shown. However, even for a combination of low capacitive coupling between input and output electrodes (cross talk capacitances around 1 fF) and relative low impedance (around 1 kΩ) the cut-off frequency estimated from the RC time is still very low, about 160 GHz, so that other approaches should be foreseen if aiming to the THz range (for example the use of multichannel structures [11] ).
III.1 Mixing
Mixers are essential components for telecommunication applications. Heterodyne mixers are present in all modern receivers. A device with nonlinear response is essential to obtain at the output a combination of the frequencies of the two input signals. The well known parabolic response found in the output voltage of TTJs (measured at the open circuited bottom branch) under push-pull bias (of the left and right branches) offers the possibility to fabricate frequency mixers in which both the original input frequencies and their sum and difference will be displayed at the output. In order to demonstrate this capability we apply two sinusoidal signals with the same amplitude A and different frequencies f 1 and f 2 , V 1 =Acos(2πf 1 t) and V 2 =Acos(2πf 2 t), to the left and right branches of a TTJ, respectively, as sketched in the top left inset of Fig. 2 . As the static response of the TTJ can be approximated by V C =-αV 2 +bV+c, where α is the curvature of the response, b represents the asymmetry of the junction and c is a constant accounting for the offset of the setup, with V the push-pull input voltage, V 1 -V 2 =2V, the stem voltage V C should show a value:
The term (V 1 +V 2 )/2 must be also considered to include the effect of the offset of the input bias.
From this expression it is easy to obtain that the amplitude of the output spectral components in our case should be: modular DC source when biasing left and right branches in push-pull is represented in Fig. 3 . The fitting to V C =-αV 2 +bV+c in the range ±100 mV (that covered by the mixing experiment) is also shown in the figure, with α=5.7 V -1 , b=-0.124, c=1.8 mV.
Next, the experimental setup of If we increase the frequency of the excitation, the attenuation introduced by the measuring equipment (R os C cab network) provokes a notable decrease in the amplitude of the harmonics. To avoid it, we have reduced the oscilloscope input impedance to R os =100 kΩ. In this way the characteristic frequency of the pole is raised by a factor of ten to 60 kHz. The drawback is that now R TTJ is one order of magnitude higher than R os , and so the signal is attenuated by a factor of 11 even at low-frequency.
In Fig. 6 , corresponding to f 2 =19.3 kHz, these features can be observed. Again we have the different harmonics: 2f 1 =1 kHz, f 2 -f 1 =18.8 kHz and f 1 +f 2 =19.8 kHz.
Finally, the device has been measured under a higher amplitude of the input signals, A=200 mV, results shown in Fig. 7 for f 1 =500 Hz and f 2 =600 Hz. In this case, the previously used quadratic expression is not adequate to correctly fit the static V C -V curve of the TTJ in the whole range covered.
So, we propose a higher-order polynomial expression such as:
By using this new equation (within the ±200 mV range) the best fit to the measurements, shown in Remarkably, these results clearly demonstrate that the frequency limitation of the mixing operation is due to the experimental setup; no degradation due to the intrinsic device response is observed (in [9] surface effects were suggested as a source of high-frequency decay of the output).
III.2 Doubling and detection
In The main improvement achieved here with respect to previous works [20] is the optimization of the ohmic contacts accesses and coplanar waveguide design in order to minimize extrinsic crosstalk capacitances without excessively increasing access resistances. Poor matching of high-impedance
TTJs and 50 Ω equipment is one of the main problems of these ballistic nanodevices. The use of multiple channels is proposed as a solution for improvement of conversion losses [11] .
IV. MONTE CARLO RESULTS
As shown in the previous section, the lack of techniques able to test the pico-second response of
TTJs restrains us to their study by means of numerical models. First, it is necessary to better understand the underlying physics of the dynamic operation of the devices and, second, to estimate the intrinsic frequency limits that we can expect in ideal conditions. For this purpose we make use of the MC tool previously described in section II.2 to simulate, at room temperature, the response of TTJs in the sub-millimetre frequency range.
IV.1 Doubling vs. detection
The performance of TTJs as frequency doublers or power detectors in the sub-THz range, though not measured experimentally, can be checked (intrinsically) by our MC simulator. To this end, we apply 100 mV sinusoidal signals in push-pull fashion to a T-shaped TTJ with 250 nm long-120 nm wide horizontal branches and a 60 nm wide vertical branch and calculate the bottom potential V C output for different excitation frequencies. In Fig. 10 the time domain evolution of the stem output voltage V C is represented when the frequency of the input signal is 1, 10 and 100 GHz and the frozen surface charge model is utilized. It can be observed that the device has an excellent performance as frequency doubler at least up to 100 GHz. The static response of the same device is represented in Fig.   11 . Two models for the surface charge are used here: self-consisted surface charge model (SSCM) In fact, this could be a possibility to experimentally determine their characteristic lifetime, since a lowfrequency plateau should be observed, with a cut-off corresponding to the inverse of such time. Since the electric field that forces electrons to enter/leave the vertical branch following the excitation signal is small, the characteristic time of such a process is much longer than the transit time associated to horizontal transport, so that the cut-off frequency for V Cac is much lower than in the case of the DC value. We can double-check this conclusion studying the dependence of the results on the value of the width of the vertical branch, which we perform in next section.
IV.2 Influence of the geometry: stem width and junction shape
In this section we study the effect of the geometry on the performance of the TTJs. For T-shaped junctions like the one shown in Fig. 13(a) we consider two parameters to analyze their influence on the dynamic response: the width of the horizontal branches W HOR and the width of the vertical stem W VER .
Also, we examinate the effect of the junction shape by simulating a Y-shaped device, as drawn in Fig.   13 (b). (for the sake of clarity the low-frequency value has been subtracted). As a general feature, the cut-off for V Cac, Fig. 15(b) , appears at much lower frequencies than for the mean value, Fig. 15(a) , taking place around 1 THz. As the value of C V is mainly related to the electron horizontal transport, its cutoff is hardly influenced by the width of the vertical branch. On the other hand, V Cac is controlled by the penetration of carriers into the stem, so that its width (W VER ) clearly changes its cut-off frequency (higher frequencies for wider stems, in which carriers enter more easily). Nevertheless, wider stems provide less negative values of V C at low-frequency, as observed in Fig. 14(a) . As a consequence, for an optimized response W VER must be chosen depending on the required type of operation and frequency. On the other hand, when reducing the width of the horizontal branch (W HOR ), a slight increase of the cut-off frequency is observed in both quantities; however, the matching to the typical 50 Ω lines would be worse due to the higher impedance of the TTJ. This results shows that the robustness of the TTJ's nonlinear response is a unique advantage in terms of realizing room temperature circuits working at ultra high-frequencies. In order to confirm the theoretical expectations, experimental techniques able to probe the electrical properties of these nanodevices at terahertz frequencies (>100 GHz to 10 THz) are necessary. To this end a promising picosecond electrical measurement set-up has been recently proposed [24] . However, aspects related to the fabrication process, reliability and particularly interconnects still have to be investigated in order to use TTJs for room temperature applications that can give us access to the THz range.
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